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The Associations Between Meal Planning and a Healthy Diet for
Incoming College Freshmen
Author: Morgan Brower
Faculty Sponsor: Dr. Lacey McCormack
Department: Biology & Microbiology and Health & Nutritional Sciences

ABSTRACT
Background: Meal planning has been positively associated with a healthier diet among adults; however, there is not much
information on how meal planning is associated with young adults, which is why it is important that more research is done on this
topic. The goal of this project was to determine the associations between meal planning and a healthy diet for incoming college
freshmen at eight universities that participated in the GetFRUVED study.

Results: 1,149 first-year college students passed the initial requirement criteria to participate in the study. The results from
this data collection was analyzed to compare important dietary consumption numbers that participants recorded, and knowledge
and time spent on meal planning with the baseline GetFRUVED data. For this study, more meal planners tended to have a higher
intake of fruit and veggies, fiber, whole grains, fruit and veggies excluding French fries, and NCI fruit and veggie score, as well
as a lower intake of sugar, sugar without cereal, and sugar from sugar-sweetened beverages. Controversially, there were no
associations between more meal planners and calcium, dairy, and BMI.

Conclusions: Meal planning might be the key to our country’s growing obesity problem, especially amongst young adults.
More information on meal planning for this age group needs to be gathered so that interventions can be created to address
potential barriers, which will help make achieving a healthier diet easier.

Keywords: Prepping, diet, healthy, food, nutrition, quality

INTRODUCTION
Young adult meal planning is an important research topic because of its potential ability to lower rates of adolescent obesity, yet
there is not much research on it. Studies show that meal planning for adults is associated with food variety and higher diet quality
(Ducrot et al. 2017). These results are not comparable for young adults because of drastic differences in their daily schedules and
routines. The purpose of the background literature is to present already available information about meal planning amongst adults
and young adults, as well as to point out the gaps in research pertaining to college-aged students.
Most people do not know the difference between meal planning and meal preparations (prepping). While both are beneficial to a
healthier diet, they are not the same thing. Meal planning is knowing what you are going to eat for meals for the next few days, or
a week ahead of time (Ducrot et al. 2017). Meal prepping is the time spent at home cooking and preparing food to eat right away
or store for the next few days (Monsivais et al. 2014).
Not having a meal plan can lead to an increase in unhealthy eating habits, which over time can lead to being overweight and
eventually obesity. Having a meal plan allows individuals to plan ahead and live a much healthier lifestyle. Some benefits to meal
planning are saving time and money, helping control or maintain body weight, and contributing to an overall more balanced and
nutritional diet (Monsivais et al. 2014). Meal planning is important because it encourages meal prepping, which is linked to an
improved diet quality (Ducrot et al. 2017).

4

THE ASSOCIATIONS BETWEEN MEAL PLANNING
At this point in time, there is much more research available on meal prepping than there is on meal planning. The research that
has been done is mostly focused on the effect of meal planning in adults or people in the workplace, not in young adults.
According to the Journal of Occupational and Environmental Medicine, meal planning had a significantly positive effect on the
adults who participated in the workplace study. Participants went through a program for healthy eating where the purpose was to
help identify barriers about nutrition and the importance of meal planning and then discover ways to help reduce those barriers.
Additionally, the program goals were to, “Improve nutrition knowledge, confidence, and eating habits” (Clark et al. 2018). 86%
of participants showed significant improvement in all categories, as well as a continued use of the nutrition knowledge in their
six-month follow up (Clark et al. 2018).
An age group where meal planning is greatly needed and is currently lacking is in young adults. According to the article, “Food
Preparation by Young Adults Is Associated with Better Diet Quality,” in a large group of 18-23-year-olds, the majority of the
young adults did not meal plan once throughout the week. 36% of the sample population mentioned that a huge contributor to
unhealthy eating was a lack of time for a healthy meal-planning schedule (Larson et al. 2006). The few who reported frequent
food planning had a higher probability of meeting important dietary requirements; for example, “Fat, calcium, fruits, vegetables,
protein, and whole-grains” (Larson et al. 2006).
Having the time available to meal plan is one of the biggest determinants to a healthy diet. In a study of 1,319 adults in 20082009, data was collected on how long these people spent meal planning and how it affected their diet quality and health. Those
who spent less than one hour a day meal planning and prepping were typically working adults who chose convenience over
health. Those people spent more money on food away from home and frequently visited fast food restaurants. The group of
people who spent two hours or more a day meal planning indicated, “Higher diet quality, and a significantly higher intake of
vegetables, salads, and fruits” (Monsivais et al. 2014).
More research on time spent meal planning and how it affects a young adult’s diet needs to occur so the possible benefits to their
diet are visible. The adult data cannot be assumed to have the same effect for college students because their schedules and
routines are completely different. It is likely that time spent meal planning and a healthy diet could have an even greater positive
association for young adults than it does with adults. We know that young adults in college currently do not spend much time
meal planning because they eat fast food frequently.
For young adults, “eating on the run was associated with a higher intake of fast food, soft drinks, total fat, and a lower intake of
many different healthy foods” (Larson et al. 2009). In an article from the Journal of the Academy of Nutrition and Dietetics, 35%
of male young adults and 42% of female young adults reported, “they had little time to sit down and eat a meal” (Larson et al.
2009). Young adults not setting aside the time to meal plan can be associated with the increased amount of fast food eaten.
Meal planning might be the key to our country’s growing problem of obesity, especially in young adults. With more information
on meal planning for this age group, proper interventions can be created to address potential barriers, which would help make
achieving a healthier diet easier. Future research hopes to show that the more meal planning done, the greater chance for a young
adult to consume a more healthful diet.
Hypothesis
Meal planning has been shown to be positively associated with a more healthful diet among adults… However, little research on
meal planning in young adults exists. First-year college students differ from older adults in that they have completely different
schedules and routines, which greatly affects their eating schedules and habits. Therefore, the purpose of this study is to
determine the association between meal planning and healthfulness of diet among first-year students from eight universities. The
predicted outcome of this study is that the more young adults’ meal plan, the healthier their diet will be. We will discover if this
prediction is correct by comparing weight, fruit and veggie scores, important dietary consumption numbers that participants
recorded, and knowledge and time spent on meal planning with the baseline GetFRUVED data.

MATERIALS AND METHODS
Participants and Recruitment
The USDA-funded Get your Fruits and Vegetables (GetFRUVED) project was started in 2014. The goals of this project were to
improve dietary intake, boost physical activity, and control weight gain in first year college students (getfruved.com). The four
sites of intervention were the University of Tennessee, the University of Florida, West Virginia University, and South Dakota
State University. The control sites for the project were Syracuse University, the University of Auburn, the University of Kansas,
and the University of Maine.
College students were recruited for the GetFRUVED study in the summer of 2015. The students needed to be first year college
students who met these certain criteria: 18 years of age or older, consuming <2 CE of fruits or <3 CE of vegetables, having a
body mass index (BMI) 25, be a first-generation college student, have an overweight or obese parent,
come from a low-income background or identify as a racial minority.
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Study Design
This study is a cross sectional data analysis of the baseline GetFRUVED data to determine if there is an association between meal
planning and a healthy diet in young adults, specifically first year college students.
Data Selection
There were 1,149 individuals who met study eligibility criteria, completed a baseline survey (fall 2015) and had height and
weight measured by study staff. For this study, questions from three sections of the GetFRUVED data will be looked at. The first
section will include the NCI fruit and vegetable screener, which scores people according to the instructions to give information
about the amount of fruit and vegetables they consume. The participants recorded their results in cups, which is converted to CE
for analysis purposes. The higher the CE value, the more fruit and vegetables were consumed. The other section of questions that
will be looked at are from a set of 28 dietary screener questions, which ask about consumption of important dietary requirements
like fiber, calcium, etc. The participant’s answers were recorded numerically in mg. The DSQ tool will be used to score the
numerical values and put them into variables that can be compared with the other data.
We measured questions about meal planning using 10 items adapted by Strong (Strong et al. 2008) and tested by Kattelmann
(Kattelmann et al. 2014). Participants were asked how often in the past 3 months they had: “1) reminded myself that planning
quick and simple meals is important, 2) told myself that healthy meals do not require a lot of work, 3) reminded myself to eat in
moderation, 4) told myself to allow room for an occasional treat food or dessert for just plain enjoyment, 5) reminded myself to
think about my beverage choices, and 6) told myself that fruits and vegetables should be included in every meal.” For selfregulation for healthy meal behavior, participants indicated how often they had: 1) planned quick, easy, and healthy snacks; 2)
selected beverages with health in mind; 3) purposely added vegetables to meals and snacks; and 4) was flexible and sensible in
food choices. Likert scaled responses (1=never and 5=always) scores were summed.

Figure 1: The number of participants for each demographic category are broken down into “more meal planning” or “less meal
planning” based on their answers to the ten survey questions.
Data Analysis
All analyses were conducted using Stata version 14.1 (College Station, TX: StataCorp LP). Participants are grouped by their meal
planning scores into either ‘more’ or ‘less’ meal planning. Descriptive statistics for the entire study sample will be run, in
addition to determining if any demographic characteristics differ between the two meal planning groups. Differences will be
examined using t-tests and chi-squared tests. Characteristics of ‘high’ meal planners will be presented (see Figure 1 above). Each
individual diet outcome will serve as the dependent variable in a linear regression examining the significance of meal planning

6

THE ASSOCIATIONS BETWEEN MEAL PLANNING
score as an independent variable while controlling for demographic characteristics that may be associated with diet outcomes,
including sex and vegetarian status.

RESULTS
The results for associations between meal planning and healthfulness of diet in young adults can be seen in Table 1 below. For
questions 1, 2, 6, 7, 8, 9, and 10 there was a positive association for NCI fruit and veggie score, fiber, whole grains, fruit and
veggies, and fruit and veggies excluding French fries. There was a negative association with questions 1, 2, 6, 7, 8, 9, and 10 for
sugar, sugar without cereal, and sugar from sugar sweetened beverages. There was no association between questions 1, 2, 6, 7, 8,
9, and 10 for calcium, dairy, and BMI.
Table 1: The more meal planner’s category and their meal planning knowledge and dietary factors results can be seen below. The
demographic characteristics mentioned in Figure 1 and Table 2 were controlled so that the meal planning score could be seen as
an independent variable.

For question 3, there was a positive association for fiber, whole grains, fruit and veggies, fruit and veggies excluding French fries
and BMI. There was a negative association with question 3 for sugar, sugar without cereal, and sugar from sugar-sweetened
beverages. There was no association between question 3 and NCI fruit and veggie score, calcium, and dairy.
For question 4, there was a positive association for calcium, sugar, sugar without cereal, and dairy. There was a negative
association with question 4 for whole grains. There was no association between question 4 and NCI fruit and veggie score, fruit
and veggies, fruit and veggies excluding French fries, sugar from sugar-sweetened beverages, and BMI.
For question 5, there were no positive associations. There was a negative association with question 5 for sugar, sugar without
cereal, and sugar from sugar-sweetened beverages. There was no association between question 5 and NCI fruit and veggie score,
fiber, calcium, whole grains, dairy, fruit and veggies, fruit and veggies excluding French fries, and BMI.
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Table 2: The results for the associations between demographic characteristics and meal planning experience for the 1,149 college
freshmen who met the initial GetFRUVED eligibility criteria and participated in the survey are below.

There were ten demographic characteristics that were controlled during the analyses so that they would not skew the meal
planning data results. Half of the demographic characteristics ended up being significantly associated with more or less meal
planning. The demographic characteristics that had an association with meal planning are sex, Latino status, university, campus
living situation, and vegetarian status (see Table 2 above).

DISCUSSION AND CONCLUSIONS
We found multiple areas were our results support our hypothesis. More meal planners (Survey questions 1, 2, 6, 7, 8, 9, and 10)
were seen to have a higher NCI fruit and veggie score, as well as a higher intake of fiber, whole grains, fruit and veggies, and
fruit and veggies excluding French fries. Additionally, more meal planners had a lower intake of sugar, sugar without cereal, and
sugar from sugar-sweetened beverages. Out of the eleven healthy diet factors that were being examined, eight factors followed
our prediction of meal planning leads to a healthy and quality diet. Surprisingly, the three factors that ended up having no
significant association with high meal planners were calcium, dairy, and BMI. This is contradictory to our hypothesis because we
assumed that a healthy and quality diet would lead to a significant association with BMI.
Survey questions three, four, and five all had different associations between the eleven dietary factors. As seen in Table 1, survey
questions three is the only question that lead to a positive association with BMI. This could be because those who remind
themselves to eat in moderation are typically leading a healthier lifestyle and are in better shape. Question four regarded

8

THE ASSOCIATIONS BETWEEN MEAL PLANNING
occasional treats and deserts did lead to an increased intake of calcium, sugar, sugar without cereal, and dairy, which is to be
expected because these are all common ingredients in dessert items. For question five, we also saw expected results because the
question is in regard to thinking about beverage choices and shows decreased amounts of sugar, sugar without cereal, and sugar
from sugar-sweetened beverages, which is a key ingredient in many beverage choices.
We have seen with results of previous studies with adults that the more time spent meal planning, the healthier the diet
(Monsivais et al. 2014). Our results follow a similar pattern and support our hypothesis that meal planning can aid young adults
in having a healthy and quality diet. As previously noted, schedules and eating habits for adults and young adults vary drastically,
which means that intervention programs to get adults and young adults to understand the importance of meal planning, as well as
implement the practice, are going to be vastly different.
With the growing problem of obesity, meal planning is the key that could make a difference in a young adult’s life. If meal
planning were to be taught at schools or in the home while growing up, it is likely that young adults would carry these healthy
lifestyle practices into college and adulthood. Even with the results of our study, more research needs to be done with less
limitations to lead to more confirmed associations and results for this age group. I hope that future research is geared towards
meal planning in college-aged people, so that potential barriers can be addressed, and interventions can be created to overcome
the barriers and promote a healthier lifestyle in young adults everywhere.

LIMITATIONS
For our cross-sectional study analysis, there are a few limitations present. The first being our findings cannot be used to analyze
behavior over a period of time. We are limited to the data collection time period for the freshmen answering the survey questions.
Another limitation is that cause and effect cannot be determined. With our results, we can only determine associations among
participants and meal planning, not if meal planning is guaranteed to lead to a healthier diet. Recall bias is another factor that
should be taken into account because participants were asked to record their own answers to certain questions, and their recall of
information may have been skewed. Lastly, there were potentially better tools that could have been used for the collection of diet
data, which we were not able to use because of constraints we needed to work within while conducting the study. Some of these
limitations could have been avoided if more young adults participated in the survey and if the data was collected over a longer
time period. Because of these limitations, continued research on this topic is extremely important in order to draw the appropriate
conclusions.
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INFLUENCE OF SIX HERBICIDES APPLIED TO SILAGE
CORN ON FALL PLANTED RYE AND RADISH COVER CROP
GROWTH IN SOUTH DAKOTA SOILS
Author: Sydney Pridie
Faculty Sponsor: Dr. Sharon Clay
Department: Plant Science

Abstract
Spring preemergence herbicide applications are often used for burndown of existing weeds and
residual control, eliminating weed presence during early season crop growth. There has been an
increased interest in planting cover crops soon after cash crop removal, due to the potential soil
and production benefits. However, soil herbicide residuals may result in poor cover crop growth.
This study examined the growth of radish (Raphanus sativa) and rye (Secale cereal), species
often used as cover crops, in soils treated with residual herbicides about 100 days prior to cover
crop planting. The herbicides were applied at recommended rates to silage corn in mid-May to
early June at two sites, a southern site near Beresford, SD (Egan-Trent Silty Clay Loam soil),
and a northern site near Groton, SD (Beotia Silt Loam soil). Soil samples were collected in midSeptember, and greenhouse studies were conducted to examine if herbicide activity was great
enough to injure the cover crops. Plant height and fresh weights of shoots and roots were
compared to these parameters in plants grown in herbicide-free soil after six weeks of growth
using a one-way paired t-test. Radish growth was unaffected by any herbicide. Several herbicides
applied to the Groton soil reduced rye shoot weight, whereas in the Beresford soil several
herbicides reduced rye shoot height and root weight. Rye shoot weight was reduced by 59% in
Warrant treated soil at Beresford, however, at Groton, three herbicides reduced shoot weight by
about 25% (Python, Warrant, and Spirit). Rye shoot height was reduced by about 23% by two
herbicides (Parallel, Warrant) in Groton soil and by about 16% by three herbicides (Glory,
Python, Acuron) in the Beresford soil. Rye root weight was reduced by 35% or more by five
herbicides (Parallel, Glory, Python, Warrant, and Acuron) in the Beresford soil, but only by
Warrant (44%) in the Groton soil. This data indicates that herbicide residuals can be present in
high enough concentrations after a short season crop to injure fall planted cover crops and that
injury is herbicide, crop species, and soil specific. Further studies are needed to understand the
influence of specific soil, herbicide, climatic conditions, and cover crop species where herbicide
injury is possible. The results can be used by growers to select herbicide/cover crop species
combinations that will be most successful for farms.
Introduction
Herbicides are a large part of agriculture today, providing a relatively simple solution to control
weed problems. They must be effective to kill the weeds, but not harmful to present or future
crops. Soil applied pre-emergence herbicides are used for their ability to kill germinating seeds
for four- to six-weeks after a single application, allowing the crop to become established. While
herbicide residual can be good for continued weed control, it can become a problem if the
grower wants to plant a cover crop, especially following the harvest of a short-season cash crop.
The herbicide residual may remain in the soil at too high a concentration or be at a high enough
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activity level to kill or injure specific sensitive cover crop species. This project examined rye and
radish response in the fall to several corn herbicides known to have different lengths of residual
activities and different spectrums of weed species controlled that were applied in the spring
(Bosak and Davis, 2014).
Cover crops are defined as “crops planted between cash crops to cover and protect the soil,”
which benefit the soil through “reduced soil erosion, increased soil organic matter, increased
biological diversity, increased nitrogen supply, and weed control” (Wang, 2018). A variety of
different plants can be used as cover crops, and while legumes and grasses are the most widely
used, there has recently been an increase in use of brassicas. Brassica cover crops have a wide
array of available types, depending on the season during which the cover crop will be used
(SARE, 2010). In South Dakota, most growers will use winter annuals between their spring cash
crop rotations. Cool season brassicas and mustards that would survive the climactic conditions
include rapeseed (Brassica napus), turnip (Brassica rapa subsp. rapa), radish (Raphanus
raphanistrum subsp. sativus), crambe (Crambe L.), kale (Brassica oleracea var. sabellica),
swede (Brassica napobrassica), and mustard (Brassica rapa subsp. oleifera). Additional cool
season nonlegume broadleaves include sugar beet (Beta vulgaris subsp. vulgaris) and flax
(Linum usitatissimum). Cool season legume broadleaf options include alfalfa (Medicago sativa),
sweet clover (Melilotus officinalis), red clover (Trifolium pratense), white clover (Trifolium
repens), alsike clover (Trifolium hybridum), hairy vetch (Vicia villosa), chickling vetch
(Lathyrus sativus), field pea (Pisum sativum), and lentils (Lens culinaris). Cool season grasses
include rye (Secale cereale), wheat (Triticum), barley (Hordeum vulgare), oats (Avena sativa),
triticale (Triticosecale), annual ryegrass (Lolium multiflorum), and tall wheatgrass (Thinopyrum
ponticum) (USDA-NRCS, undated). The grower must select a cover crop based on their
cropping rotation, the cost of implementing the cover crop, seed and planting cost, the benefits
they want to obtain by using the cover crop, and how they plan on terminating the cover crop
prior to planting the next cash crop.
Termination of the cover crop in the spring prior to or at planting of the cash crop cannot be
overlooked and growers should be concerned about this important step. If spring conditions are
not conducive to termination, or if the cover crop vigorously regrows if not totally controlled, the
cover crop then acts as a weed. Most crops have a critical weed free period, which is different for
each crop species and is affected by factors such as weed community, cropping practices, and
environment (Hartzler, undated). The critical weed free period is the length of time that the crop
must remain weed free to prevent yield loss at a certain level (Tursun et al., 2016). This critical
time period is an important aspect to consider when planning for effective weed control. The
critical weed free period for corn is from V3-V8, or from the third leaf stage to approximately
the eighth leaf stage (Page et al., 2012). Weeds that are removed during or just after this period
can still have negative effect on crop growth and yield that are not recoverable (Horvath et al.,
2018). If weeds (or cover crops) are present, crop losses can range from 0% to nearly 100%,
depending on the timing and density of the competing plants.
The Sustainable Research and Education (SARE) program conducted their fifth annual cover
crop survey in 2016 and obtained feedback from 2,102 farmers. The respondents reported that
88% were using cover crops across the United States. Cereal rye was the most used cover crop,
followed by oats and radish. The survey asked farmers about perceived benefits of using cover
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crops, and their explanations were important for understanding why they adopted cover crops
into their cropping systems. The primary benefit was improved soil health, with yield benefits
and economic returns also listed as most desired potential benefits. The responses indicated that
while yield and economic benefits are a strong factor, they’re not as widespread as the belief in
improved soil health. The three major concerns among growers who were not using cover crops
included time and labor for implementing them in their system, fear of no economic return, and
concerns that the cover crop could become a weed. Additional concerns were increased
production risks, getting a good cover crop stand, fear of yield reduction, and selecting the right
cover crop species. The survey had eight supplementary questions for 178 non-users about what
factors had the biggest influence on their decision to plant cover crops and asked them to rate
their agreement level with each statement. Cost share or incentives received the highest positive
associations, with free technical assistance being close behind. More information on cover crop
species and more knowledge of cover crop benefits were also positively associated answers. Tax
credit and discounted insurance premiums received lower positive rankings, concluding that
other than cost share or incentives, the factors that received the highest responses were about
information (CTIC, 2017).
Although South Dakota cover crop usage has increased over the last decade, low commodity
prices have growers trying to reduce input costs, especially inputs that have varying or unknown
return. In order to see a quicker return, South Dakota State University has started researching
livestock integration. In the spring of 2017, a study about adoption of conservation practices and
precision technologies was conducted in South Dakota, with almost 200 participants, most of
whom were from eastern South Dakota. The survey results showed that 51% raised either dairy
or beef cattle, and of those with livestock, 94% grazed residue, and only 39% reported grazing
cover crops. Within the total respondents, 31.3% used cover crops in their operation during 2016,
with 64.5% using cover crops when livestock was integrated into their production system. The
survey also included questions about why they did or did not use cover crops in their operations.
“Improves soil health,” “Increases farm productivity,” and “Improves water availability/water
conservation” were the highest reasons for adopters. “Planting time conflicts with harvest of cash
crops” and “Satisfied with current practices” were the highest ranked responses among nonusers. The results for cover crop producers and those using livestock were then compared to
analyze the difference in adoption reasoning. Although the top three reasons for adoptions
remained the same between the two groups, “Helps with livestock integration” increased by 18%
and “Increases farm profitability” increased by over 52%. While other variable expenses need to
be considered, such as seed cost and planting, fencing, and labor, additional costs may be offset
by not having cattle in the yard and reducing time spent feeding, bedding, and cleaning (SDSU
Extension, 2019).
According to the 2018 State Agriculture Overview for South Dakota, there were 360,000
harvested acres of silage corn (USDA-NASS, 2019). Silage corn is a high-quality forage crop
used on dairy and beef cattle farms. It’s a popular feed choice for livestock as it becomes high in
energy and easily digestible when the entire plant is chopped (South Dakota Corn, 2015). Silage
corn is harvested based on percent moisture content of the corn and the type of ensiling used
(bunker, bag, or tower silo), but often starts in mid to late August (University of Wisconsin
Extension, 2016). Grain corn, in comparison, is harvested at physiological maturity in mid to late
October. The early harvest of silage corn allows for planting and establishment of cover crops in
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the fall in northern climates, whereas cover crops after grain corn harvest often cannot be
successfully incorporated into crop production management.
When deciding to plant cover crops, another aspect to consider is the herbicides that are used in
season for the cash crop. Long residual pre-emergent or early post-emergent herbicides, while
providing needed weed control, may cause stand reduction or complete cover crop failure. This
effect is not the same for every herbicide and is confounded by many other factors, which
include but are not limited to growing season climate, rainfall, and soil type. The choice of cover
crop species also may influence the outcome, as some cover crops may not be controlled by the
herbicide. In addition, growers need to consider the rotational restrictions of the herbicides
they’re using, especially if the cover crop will be grazed. Herbicide labels will list the rotational
restrictions under “rotational crop restrictions” or “rotational crop guidelines.” If the cover crop
is going to be used for grazing or forage, specified guidelines can often be found under “forage
restrictions” on the herbicide label. Some labels list common cover crops and rotational intervals
to better inform producers, however, this may not be included. The crop rotation interval is “the
required time between application time and the time of next planting.” It is used to ensure that
the potential herbicide residual will not affect plant establishment and that no unsafe levels of
herbicide are in plant tissues (SDSU Extension, 2018).
This study examined several commonly used corn herbicides that are known to provide residual
control (see Table 1). These are labeled for application in a silage corn crop. The use of cover
crops after silage corn harvest would be an ideal time to plant cover crops, as early fall rains and
temperatures would provide good growing conditions for the cool season covers. However,
herbicide residuals may be too high to allow for good establishment or growth.
Herbicides have been placed into groups that have similar mechanisms of action by Weed
Science Society of America to help producers rotate chemicals to limit the occurrence of
herbicide resistant weeds. The group numbers are found on the herbicide label. In the following
paragraphs, herbicides with the same group number as discussed, as these have similar
mechanisms of action, similar weed control spectrums, symptomology, and other common
characteristics. The specifics (weeds controlled, soil half-life, expected injury symptoms, etc.)
when the information differs for each herbicide used are provided as well.
The group 15 herbicides used in this study include metolachlor, acetochlor, and S-metolachlor.
These herbicides all inhibit very long chain fatty acid synthesis and are applied pre-emergent to
the weed. Parallel is a pre-emergent herbicide containing the chemical metolachlor. It is used to
control most annual grasses and certain broadleaves. Metolachlor has a half-life of 91-152 days,
and Parallel has a suggested cover crop planting date of 135 days for rye (Adama Essentials,
2012). Warrant is the trade name for a pre-emergent herbicide containing acetochlor that can
control annual grasses and broadleaves. It has a suggested cover crop planting date of 120 days
for rye and a half-life of 56-84 days (Monsanto, 2014). Acuron is a pre-emergent herbicide used
to control grasses and broadleaves, containing S-metolachlor, which has a half-life 91-152 days
and a suggested cover crop planting date of 120 days for rye (Syngenta, 2018). These group 15
herbicides are seedling shoot growth inhibitors that acts as long-chain fatty acid inhibitors in the
plant. Seedling growth inhibitors interfere with new growth during germination or early
emergence, which results in inability to emerge or abnormal development. Grasses will often
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produce malformed or twisted seedlings with leaves that are unable to unfurl, known as buggywhipping (Fig. 1a). Broadleaf symptomology from this mode of action may result in cupped or
crinkled leaf tissues (Fig. 1e), or a shortened main leaf vein, causing “drawstring” appearance
(Fig. 1b) (Shumway and Scott, 2016).
The study also used some group 5 herbicides, including metribuzin and atrazine. Group 5
herbicides inhibit photosynthesis and can be applied pre or post-emergent but need to be
translocated to the leaves to be active. They are translocated in the water stream (xylem) and
show the symptoms in the oldest leaves. Glory is a trade name for metribuzin, which is used to
control annual grasses and annual broadleaves. The suggested cover crop planting date is 120
days for rye and 540 days for radish, with a half-life of 14-28 days (Adama Essentials, 2011).
Acuron also contains atrazine, which has a half-life of 30 days (Syngenta, 2018). These
herbicides are photosynthesis inhibitors, so root development and seed germination are not
affected. Signs of photosynthesis inhibitors are observed in the leaves with interveinal and leaf
margin chlorosis (yellowing) of the leaf tissue (Fig. 1c), followed by necrosis (dead, browning
tissues) (Fig. 1d). This herbicide moves in the xylem (apoplastic translocation) and injury
symptoms are first observed in older leaf tissue, as these have the greatest transpiration rates
(Shumway and Scott, 2016).
Group 2 herbicides used in this cover crop study include flumetsulam, primisulfuron-methyl and
prosulfuron. These group 2 herbicides are amino acid synthesis inhibitors that act within the
plant as acetolactate synthesis (ALS) inhibitors, which stops the synthesis of branched chain
amino acids, and subsequently stops protein synthesis. Flumetsulam, another pre-emergent
herbicide, is labeled under the trade name Python. It is used primarily to control broadleaves and
has a reported half-life of 60 days. The recommended cover crop planting date after application
is 120 days for rye and 270 days for radish (Dow AgroSciences, 2017). The post-emergence
herbicide Spirit, containing the chemicals Primisulfuron-methyl and Prosulfuron, is used to
control broadleaves. The suggested cover crop planting date after a Spirit application is 90 days
for rye and 540 days for radish. Primisulfuron-methyl has a half-life of 30 days, while
Prosulfuron has a half-life of 19 days (Syngenta, 2013). These herbicides often have foliar and
soil activity and may be labeled for both pre- and post- emergence applications. Depending on
the herbicide, soil residuals may be prolonged, causing potential carryover problems. Common
symptoms include inhibition of new growth within the meristematic region, resulting in stunting,
chlorosis in new growth within 1-3 days, which later becomes necrotic, with older tissue
becoming chlorotic and necrotic later in development, and loss of growing point, resulting in
lack of new growth. Monocots may produce reddish to purple pigmentation on older leaf tissue
(Fig. 1g), while dicots may develop purple pigmentation within the main veins of leaf tissue (Fig.
1h). Although less defined, there can sometimes be a root pruning effect. There may be stacking
of nodes (no elongation of stem), resulting in short, less competitive plants, and cessation of
growth shortly after emergence in some seedling plants. These symptoms may be confused with
non-herbicidal symptoms such as nutrient deficiencies (especially phosphorus due to purpling of
leaf tissue) or plants grown in saturated soils (Shumway and Scott, 2016).
Acuron also contains mesotrione and bicyclopyrone, the two group 27 herbicides used in the
study. Group 27 herbicides are pigment inhibitors that act as 4-hydroxyhenylpyruvatedioxygenase (HPPD) inhibitors, which stops the production of plastoquinones. Although
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these herbicides are in the same group, they have different half-lives, 5-15 days (mesotrione) and
213 days (bicyclopyrone). The herbicide label has a suggested cover crop planting date of 120
days for rye, but due to the long half-life of the bicyclopyrone component, a limited field test in
areas suspected to have the greatest carryover potential is recommended (Syngenta, 2018). As
pigment inhibitors, mesotrione and bicyclopyrone lead to bleached (white) appearance (Fig. 1f)
when plastoquinone production is stopped. Seedlings that emerge are bleached white (Fig. 1i),
and later become necrotic. Under certain growth stages and environmental conditions, there may
be reddish-purple pigmentation (Shumway and Scott, 2016).
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Using the label and symptomology information, the carryover potential of these herbicides in
two soils using two different cover crop species was examined under greenhouse conditions.
Initial herbicide damage seen included cupping, interveinal bleaching (Figure 2), and some
necrosis in radish, and buggy whipping and purple pigmentation in rye. Although there were
initially herbicide damage symptoms, as the crops continued to grow, they mostly outgrew the
visible damage symptoms.
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Materials and Methods
At Groton, SD and Beresford, SD research sites (Table 2), five different pre-plant herbicides
were sprayed in strips in early to mid-May (Table 2). Soil type was a Beotia Silt Loam at Groton,
and an Egan-Trent Silty Clay Loam Beresford (Table 2). The herbicides Parallel, Glory, Python,
Warrant, and Acuron were applied at labeled rates (Table 1). Treatments were applied in a
randomized complete block design with four replications. Corn was planted May 17th at
Beresford and May 5th at Groton. After the crop was planted, Spirit, a post-plant herbicide, was
applied at the Groton location on May 7th. The corn grew without other herbicide treatments and
was harvested for silage in mid to late August.
After harvest, soil samples were taken with a soil probe from 0-10 cm depth at Beresford on
September 16th and at Groton on September 18th (Table 2). The samples were put in plastic
bags, thoroughly mixed, and sealed. The plastic bags were then put into paper bags that had been
labeled with the sample locations number, the field location, and the date of sampling. Samples
were placed in a 5C cooler until the greenhouse test was established, about 6 weeks after
sampling.

In the greenhouse, conetainers (4 mm in diameter and 21 mm in height) were filled with about 5
cm of sand and then 8 cm of sample soil was applied over the top. The sand was used to help
with water movement and to have enough sample soil for other experiments. Four radish or four
rye seeds were planted into each soil. Soil samples for each cover crop species by herbicide were
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done in duplicate, and with the four field replicates, each herbicide by soil treatment had eight
replicates. Conetainers were watered from the top when necessary.
The plants were harvested after 6 weeks and measurements for shoot length, shoot weight, root
length, and root weight were taken. In order to measure shoot height, plant shoots were clipped
off at the soil line. The roots and soil were then taken out of the conetainers and rinsed to
separate most of the soil from the roots, allowing the measurement of root length. The shoots
were then placed in an envelope with the treatment number for reference when weighing. The
roots were placed in a mesh bag and rinsed with a sink sprayer, enabling the remove of the rest
of the soil. After rinsing, the roots were patted dry and measured on a scale for weight. The same
scale was used to measure the shoot weight. The data were analyzed separately by locations
using a one-way paired t-test to compare parameters of plants grown in herbicide to non-treated
soil.

Results
Rainfall and warm temperatures influence herbicide dissipation (Curran, 2001). After herbicide
application, the number of days to sampling was 122 days at Beresford, 136 for the pre-emerge
herbicides and 102 for Spirit at Groton (Table 2). At the Beresford site, rainfall from application
to harvest was 443 mm and GDD (base 10°C) were 1469. At Groton the rainfall from application
to harvest was 266 mm for the pre-emerge herbicides and 236 for Spirit and GDD was 1393 for
the pre-emerge herbicides and 1096 for Spirit (Table 2). Based on this it would be expected that
there would be greater herbicide dissipation at Beresford, as increased temperatures and soil
moisture increases chemical decomposition rates. In addition, soil type can influence herbicide
sorption, with more sorbed to clay particles compared with sand. The higher clay content at
Beresford may result in higher herbicide residues at the end of the season (Curran, 2001).
Additionally, the specific active ingredient of the herbicide influences the herbicide half-life
(time to ó concentration). All the herbicides tested have been reported to have ó lives longer than
30 d, which could lead to susceptible plant injury after a short-season crop. Cover crop planting
dates based on labelled recommendations range from 90 to 540 days (Table 1). However, some
recommend field testing in addition to the suggested days. Since climate and soil type also
influence the herbicidal activity, this study can be used to get a better understanding of which
herbicide/cover crop species may be more successful than others at different South Dakota
locations.
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While symptoms were observed early in the radish, the radish data showed no injury from any of
the herbicides at the end of the experiment. When compared with growth from the non-treated
soil, several herbicides reduced rye shoot fresh weight, height, and root weight with some
locational differences (Table 3). Rye shoot weights were reduced by 59% with Warrant in
Beresford soil and 31% (Python), 23% (Warrant), and 27% (Spirit) in Groton soil. Rye shoot
heights in Beresford were reduced by 23% (Parallel), 19% (Glory), 15% (Python), 22%
(Warrant), and 15% (Acuron) (Figure 3). Rye root weights were reduced by 35% (Parallel), 38%
(Glory), 49% (Python), 54% (Warrant), and 35% (Acuron) in Beresford soil and 44% (Warrant)
in Groton soil.
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Discussion and Conclusion
Other studies have reported cover crop injury in field studies using the same or related
herbicides. For example, Palhano et al. (2018) conducted studies in Arkansas to determine the
sensitivity of soil applied herbicides that were also included in our study (metolachlor,
mesotrione, atrazine) and carryover potential of herbicides to fall-applied cover crops following
corn harvest. These studies conclude that several cover crop species at this more southerly
location after a longer season than SD conditions were sensitive to low rate residual herbicides
commonly applied in corn, cotton, and soybean, with small-seeded broadleaf cover crops more
likely to be affected. In the sensitivity study, atrazine reduced cover crop density of Austrian
winterpea, crimson clover, and hairy vetch, emergence of berseem clover, and biomass of all
cover crops evaluated. Mesotrione reduced density of Austrian winterpea, cereal rye, and oats,
and emergence of berseem clover. S-metolachlor reduced density of crimson clover and
emergence of barley, oats, and wheat. In the carryover study, the 2x rate application did not
affect emergence or biomass production of cover crops, but it should be emphasized that
persistence of these herbicides will vary based on soil and environmental factors, meaning these
results cannot be generalized overall production environments (Palhano et al., 2018). This shows
that other cover crop studies have also found that cover crops can be negatively impacted by soil
residual herbicides.
In another study in Missouri, Cornelius and Bradley (2017) determined the residual effects of
common corn and soybean herbicides used in the Midwest on fall cover crop establishment.
Some of the herbicides observed were also included in our study, including atrazine, acetochlor,
flumetsulam, metribuzin, mesotrione, and S-metolachlor. Atrazine was shown to reduce biomass
in winter wheat, crimson clover, and Italian ryegrass in the corn herbicides. In the soybean
herbicide study, acetochlor reduced biomass and stand density in crimson clover, which is
consistent with the 8-month rotational restriction listed on the herbicide label. Biomass of winter
oat, Austrian winterpea, and hairy vetch were also reduced by acetochlor. In the corn herbicides,
flumetsulam reduced the biomass of winter wheat, oilseed radish, and hairy vetch and stand
density of oilseed radish. Flumetsulam herbicide has a rotational restriction of 26-months for
canola, which is likely to have similar herbicidal sensitivity in oilseed radish. In the soybean
herbicide carryover, metribuzin reduced biomass of crimson clover, Austrian winterpea, and
hairy vetch. As a corn herbicide, biomass was reduced in Austrian winterpea and hairy vetch by
mesotrione. S-metolachlor in the soybean herbicides reduced biomass of crimson clover,
Austrian winterpea, and hairy vetch (Cornelius and Bradley, 2017). This shows that in the
Midwest, herbicide residuals after corn and soybean impact cover crop growth and must be
considered when choosing a productive cover, although there were some differences due to
climactic variances compared to South Dakota.
Herbicides with soil residual are used in the spring to lessen weed problems, especially during
the critical weed-free period, which occurs during crop establishment. However, these herbicides
may be present in soil at high enough concentrations to impact cover crop growth and
establishment, especially after short season crops. This study showed that several of the
commonly used herbicides did have residual activity and affected rye growth. The degree of
injury from each residual was different between species and location. Several herbicides
(flumetsulam, acetochlor, and primisulfuron-methyl + prosulfuron) in the Groton soil reduced
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rye shoot weight, whereas in the Beresford soil more herbicides (metolachlor, metribuzin,
flumetsulam, acetochlor, and S-metolachlor + atrazine + mesotrione + bicyclopyrone) reduced
rye shoot height and root weight. The Beresford site saw more reduction from more herbicides
than the Groton location, even though GDD were greater and temperatures warmer.
The information provided here can be used by producers in order to maximize cover crop growth
and minimize cost of planting seed that will not perform under their conditions. As there were no
deleterious effects from these herbicides on radish growth, it could be planted as a cover crop
following silage corn that had been sprayed with these herbicides. Rye could be planted
following applications of all the herbicides used in the study, except Warrant, and would be more
likely to see reduced biomass at the Beresford location. The study will be repeated in 2019 to
better understand how different climatic conditions may impact cover crop growth and determine
if results are similar between years.
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ABSTRACT
This paper discusses the impact resistance of the mantis shrimp structure. Using past studies, an experiment was performed to
identify an optimal wall thickness of a modified mantis shrimp structure. Various samples were 3-D printed using PLA and
subjected to compression testing. Analysis of the data resulted in the finding that a wall thickness of 1.4 mm is the optimal
thickness to obtain a lightweight, impact resistant structure. These results are discussed further, along with limitations of the
findings.

INTRODUCTION
With many applications, impact resistant structures are becoming more prevalent. Impact resistant structures have the ability to
contribute to improvements in the aerospace and automotive industries, as well as for protective gear that could be used in
athletics or the military. A study on the mantis shrimp structure discusses the uses of a lightweight, impact resistant structure and
how the properties desired vary for each application. For example, in aircrafts a lightweight, high stiffness structure would be
desired, but if the goal was to have an aircraft that used wing-warping, a lower stiffness would be ideal [7]. While there are many
factors that contribute to impact resistance, one of the key aspects is the structure or design. There are varying structures that
have been found to have high impact resistance and many have been found in nature. Some of these include the honeycomb and
cuttlefish bone structure, shown below in Figures 1 and 2, respectively. There have been numerous studies on the honeycomb
structure, one of which investigated variations of the structure and how it affected different properties [15]. This study served as
an inspiration for the modification and investigation of the mantis shrimp structure in this experiment. Another study that
motivated this experiment involved the cuttlefish bone microstructure. Lattice blocks were designed based on the cuttlefish bone,
and topology optimization was used to find a lightweight lattice structure [5]. This further influenced the idea of creating a
lightweight structure inspired by the mantis shrimp.
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Scientists have been further researching the structure of a mantis shrimp club and have found that, while made of brittle material,
the dactyl club of a mantis shrimp is incredibly strong and impact resistant. It was found that the stomatopods, a group of marine
crustaceans, formed this club to adapt and thrive in their ecosystem [4]. In fact, moving at 80 km/h, the mantis shrimp uses its
dactyl club to strike prey thousands of times without breaking. According to research, the force created by the impact of the
mantis shrimp’s club is more than 1,000 times its own weight and can accelerate faster than a 22-calibur bullet [8]. Researchers
began looking into what made the club so strong and found that there were several different regions that made up the dactyl club.
The exterior of the club, the impact region, has a hard, crack-resistant coating that allows the mantis shrimp to transfer its
momentum to its prey upon impact. The interior of the club consists of the periodic region and the striated region. The periodic
region features an energy absorbent structure that filters out damaging shear waves. Research showed that the impact energy is
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dissipated through the twisting of micro-cracks around spiral fibers within the club, preventing fiber breakage or damage [16].
The spiraling arrangement of the fibers forms a helicoidal structure, where each layer is rotated by a small angle to eventually
complete a 180-degree rotation. There have been studies in regard to the angle of rotation, and it was found that the angle had a
significant impact on the shear resistance of the structure [11]. This helicoidal structure, known as a Bouligand structure, has
been found in many studies to be highly impact resistant and effective at dissipating impact energy [13]. This helicoidal structure
of the mantis shrimp was modeled by researchers as shown in Figure 3 below.

Using the image on the left, a SolidWorks model was created to mirror the helicoidal structure contained within the mantis
shrimp’s dactyl club. This model is shown in Figure 4. The SolidWorks model was 3-D printed using polylactic acid (PLA) and
subjected to compression testing.

However, while this structure is already known to have high impact resistance, it was determined that the mantis shrimp structure
could be improved upon. In this study, the cylindrical rods that make up the mantis shrimp structure in Figure 4 were modified to
be hollow cylinders with varying wall thicknesses to find the optimal thickness that would result in a lighter structure without
sacrificing durability.

29

Impact Resistant 3D Printed Structures

To do this, six different mantis shrimp structures were 3-D printed, including the original, solid structure (3 mm wall thickness).
The other structures were printed with cylinders of wall thicknesses of 0.8 mm, 1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm. Each of
these structures was then subjected to a compression test that collected data about displacement and force inflicted upon the
structure. The goal was to obtain a stress-strain curve for each structure, which, in turn, would provide the stiffness of the sample.
This method has been used in other studies as well. For example, one study used a stress-strain curve to determine the arterial
stiffness of the human carotid artery, showing that it is an analysis technique utilized in many fields [6]. With the stiffness
obtained, and density calculated from measured values, the stiffness per density for each structure could be found and compared
to one another to determine the optimal wall thickness of the cylinders.
The helicoidal structure of the mantis shrimp being found in many studies to reduce damage propagation in an impact event and,
in fact, increase in toughness will contribute to the design of parts for aerospace, automotive, and armor applications [3]. While
these are a few key situations that this study can have an impact on, there are numerous other applications for a lightweight,
impact-resistant structure.

LITERATURE REVIEW & STUDY FRAMEWORK
There have been studies conducted on the mantis shrimp structure in the past. However, these studies mainly focus on the mantis
shrimp structure itself, and not creating a variation of the mantis shrimp structure. The following studies conducted establish the
impact resistance of the mantis shrimp structure and provide a basis for the study conducted on the variation of the structure.
One study examined the impact properties of the telson of the mantis shrimp. The telson is a piece of abdominal armor that
withstands recurring impacts during ritualized fighting. In this study, the coefficient of restitution was measured, giving the index
of elasticity of the telson. This was compared to another piece in the abdomen of the mantis shrimp that is not typically subjected
to impacts. It was found that the telson dissipates much of the impact energy, behaving as an inelastic punching bag [14]. This is
consistent with many other studies that have found the ability of the mantis shrimp structure to dissipate the impact energy is the
key to the impact resistance of the structure.
Another study confirms that higher stiffness and strength properties have a greater ability to dissipate impact energy. It was found
that the fibers that exhibit martensite phase transformations dissipate much of the impact energy. In turn, they found that the
fibers that have martensite phase transformations have higher stiffness and strength properties [9]. This is an important part of the
study as it allows for the identification of the optimal wall thickness.
While a previous study mentioned focused on the telson in the abdominal armor, there have been others based on the Bouligand
structure in the dactyl club, which is the helicoidal structure shown in Figure 3. Both computational and experimental approaches
are used to investigate the impact resistance of the mantis shrimp. One of the techniques used was performing fracture

30

Impact Resistant 3D Printed Structures

experiments on the helicoidal structure. This allowed researchers to study the stress distribution and energy dissipation
mechanisms in the structure [12].
Focusing more closely on the impact energy, one study looked at the magnitude of the impact generated by the mantis shrimp
striking its prey. Each strike produced two high amplitude force peaks. The first peak is a result of the limb’s impact, while the
second is caused by the collapse of cavitation bubbles. The impact of the limb can create a force ranging from approximately 400
to 1,500 Newtons [10]. Knowing this provides valuable insight into the structure of the mantis shrimp and how much impact
energy it can withstand.
By using the helicoidal structure found in the mantis shrimp’s dactyl club, researchers performed numerous numerical analyses of
low velocity impacts on the samples. This gave insight into the damage resistance of the structure. It was found that the helicoidal
structure had little fiber damage compared to other structures tested, confirming results found in other studies [2].

METHODOLOGY
Samples were created by first modeling the geometry in a 3-D CAD modeling software, SolidWorks, and then slicing these
models into layers in a slicer called Cura. Cura uses the slices of the object to create a toolpath for the 3-D printer to follow. Five
different types of samples with varying wall thicknesses of the cylinders were chosen to be tested and compared to the solid
version. Wall thickness chosen were 0.8 mm, 1.0 mm, 1.4 mm, and 1.6 mm with 0.2 mm increments as it was determined that it
would provide enough of a difference to the strength and density without skipping over too many possible wall thicknesses and
the 3-D printer could properly manufacture each of these sizes. Overall, the sample set would be enough to establish a distinct
trend.
The samples were subjected to a compression test in the MTS 370.10 Landmark, shown in Figure 5, which recorded the time,
displacement, and force on the sample. The MTS 370.10 Landmark has a dynamic load rating of +/-22,000 lbs. (+/- 100 kN). A
laboratory balance was used to measure the mass of each sample within 1 mg. Although there is some uncertainty in the
instruments used in the experiment, it is not enough to affect the result of the experiment.
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The length/height of each sample was recorded, along with the mass and area of the top of the sample. This information is used to
calculate stress and strain. The samples were subjected to compression testing with a displacement rate of 1.3 mm/min. Before
beginning the compression test, the sample was centered on the plates as shown in Figure 6.

The compression test was allowed to run until the sample had reached maximum strength and the sample began to crush
individual layers. The data file containing the recorded time, displacement, and force was then copied and imported into the
Excel workbook created for the measured values of the sample. The stress on the sample for each data point was calculated using
Equation 1, with F representing the force on the sample and A being the area of the top of the sample. Since the force was in the
downward direction, this resulted in negative values for stress, so the absolute value was taken to obtain a proper stress-strain
curve.

The strain was calculated using Equation 2, with ΔL representing the change in length and L being the original length. Note that
the height of the sample is synonymous to the length, and the displacement values represent the change in height of the sample.
Again, the displacement results in negative values for strain, so the absolute of the calculated values is used.
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Table 1 displays the first few rows of data in Excel that have been calculated for each sample. This data is used to create a stressstrain curve that allows the stiffness for each structure to be found.

Using the values for strain on the horizontal axis and the stress values on the vertical axis, a scatter plot was created of the data,
representing a stress-strain curve for the sample. However, the stiffness of the structure is obtained from the elastic region, or
where the graph is linear on the stress-strain curve. Focusing on the elastic region and excluding data points outside of it resulted
in a line with which a linear trendline could be made. Viewing the equation for the trendline provided the stiffness of the sample,
as the slope of the elastic region corresponds to the stiffness. This stiffness value was recorded for each sample. Using the
measured and calculated values, the volume, density, and stiffness per density were calculated for the different structures.

Table 2 above shows an example of the measured and calculated data for a sample. These steps were completed for each sample
and a table and corresponding plot were created from the values for stiffness per density vs. wall thickness. From the table and
plot, the optimal wall thickness could be identified as the highest point or value of stiffness per density. The stiffness per density
value is proportional to the stiffness and inversely proportional to density. Thus, larger values corresponding to the stiffness of
the structure while also having a low density will result in the optimal structure.
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Results & Analysis
Six different samples were considered in the experiment. These include structures with wall thicknesses of 0.8 mm, 1.0 mm, 1.2
mm, 1.4 mm, 1.6 mm, and 3 mm (solid). Each sample was tested, and the data was analyzed as described previously.

Wall Thickness — 0.8 mm
Figures 7 and 8 show the SolidWorks model of the structure with 0.8 mm wall thickness.

Figures 9 and 10 show the sample before and after compression testing, respectively. This particular sample was not allowed to
run for as long in the compression test, so the deformation is not as visible. However, the maximum strength of the structure was
obtained, ensuring accurate results and a full stress vs. strain curve.
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After analyzing the recorded data, the following stress vs. strain plot was created (Figure 11). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 12.

With the stiffness of 31,953.3 MPa, a stiffness per density value of 115.14 kN-m/kg was obtained for the 0.8 mm wall thickness
sample.

Wall thickness — 1.0 mm
Figures 13 and 14 show the SolidWorks model of the structure with 1.0 mm wall thickness.
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Figures 15 and 16 show the sample before and after compression testing, respectively. This particular sample was not allowed to
run for as long in the compression test, so the deformation is not as visible. However, the maximum strength of the structure was
obtained, ensuring accurate results and a full stress vs. strain curve.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 17). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 18.

36

Impact Resistant 3D Printed Structures

With the stiffness of 49,414.8 MPa, a stiffness per density value of 147.5 kN-m/kg was obtained for the 1.0 mm wall thickness
sample.

Wall Thickness — 1.2 mm
Figures 19 and 20 show the SolidWorks model of the structure with 1.2 mm wall thickness.

Figures 21 and 22 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 20 minutes in the compression test, so the deformation of the structure is clearly seen.
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After analyzing the recorded data, the following stress vs. strain plot was created (Figure 23). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 24.

With the stiffness of 57,270.7 MPa, a stiffness per density value of 154.2 kN-m/kg was obtained for the 1.2 mm wall thickness
sample.
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Wall Thickness — 1.4 mm
Figures 25 and 26 show the SolidWorks model of the structure with 1.4 mm wall thickness.

Figures 27 and 28 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 20 minutes in the compression test, so the deformation of the structure is clearly seen.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 29). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 30.
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With the stiffness of 103,857.4 MPa, a stiffness per density value of 246.8 kN-m/kg was obtained for the 1.4 mm wall thickness
sample.

Wall Thickness — 1.6 mm
Figures 31 and 32 show the SolidWorks model of the structure with 1.6
mm wall thickness.
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Figures 33 and 34 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 10 minutes in the compression test, so the deformation of the structure is visible.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 35). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 36.

With the stiffness of 98,157.9 MPa, a stiffness per density value of 222.6 kN-m/kg was obtained for the 1.6 mm wall thickness
sample.
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Wall Thickness — 3.0 mm (Solid)
Figures 37 and 38 show the SolidWorks model of the structure with 3.0 mm wall thickness.

Figures 39 and 40 show the sample before and after compression testing, respectively. This sample was allowed to run for
approximately 15 minutes in the compression test, so the deformation of the structure is visible.

After analyzing the recorded data, the following stress vs. strain plot was created (Figure 41). Focusing on the elastic region of
the curve, the stiffness of the structure can be obtained from the slope of the linear trendline shown in Figure 42.
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With the stiffness of 70,619.3 MPa, a stiffness per density value of 147.8 kN-m/kg was obtained for the 3.0 mm wall thickness
sample.

DISCUSSION OF FINDINGS
Comparing the stiffness per density values obtained for each sample yields the results shown in Table 3 below. These stiffness
per density values were then plotted for each wall thickness as shown in Figure 43. From the table and plot, the optimal value
was identified to be at a wall thickness of 1.4 mm. It can be observed from Table 3 and Figure 43 that the stiffness per density
values increase with wall thickness until the thickness of 1.4 mm is reached, after which, the values continuously decrease for the
remaining wall thicknesses considered.
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Since, according to this testing, 1.4 mm is the optimal wall thickness, it can be concluded that while a greater wall thickness may
be stronger, it is also much heavier. On the other hand, smaller wall thicknesses may be more lightweight, but they are not as
strong. Thus, the value of 1.4 mm is the balance of a lightweight structure that still maintains its strength.
Based on the study, the results obtained are reasonable. As the cylinders in the structure have a 6.0 mm diameter, the original,
solid structure of the mantis shrimp has a wall thickness of 3.0 mm. The results of the experiment gave 1.4 mm as the optimal
thickness. This is nearly half of the original wall thickness. At this thickness, the structure is much lighter, but has not lost its
strength. It will be discussed further in the limitations section, but it is possible if more samples were tested, the optimal wall
thickness of the cylinders could be found to be 1.5 mm, however, this would require using non-standard nozzle sizes on the 3-D
printer.

CONCLUSIONS & RECOMMENDATIONS
With the finding of 1.4 mm wall thickness having a higher stiffness per density value than the original, solid structure, the goal of
improving upon the mantis shrimp structure was accomplished. The mantis shrimp structure with a wall thickness of 1.4 mm is a
lighter weight structure that does not sacrifice strength. These findings can contribute to improvements in the aerospace and
automotive industries, as well as for protective gear that could be used in athletics or the military.
While the results of the study were significant, if performed in the future, there are some aspects that could be changed. As
discussed in the following limitations section, more samples should be tested at smaller increments of wall thickness to obtain a
more precise optimal wall thickness. Multiple samples should be tested for each sample as well to ensure repeatability. The angle
of rotation in the helicoidal structure could also be adjusted to see the effect on the impact resistance. This study could also be
performed using a different material than PLA. Doing so would be useful in applications where a less brittle material is desired.
However, there have been studies on PLA reinforced with different fibers that have found the composite material to have high
impact strength, which could contribute to a better structure and material combination for impact resistance [1]. Overall, this
study provides a good basis for other experiments in the future.
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LIMITATIONS
While the results of this experiment are significant, there are some limitations that should be considered. Although the optimal
wall thickness was found to be at 1.4 mm, the samples were only tested in 0.2 mm increments. Therefore, once a critical range
was found, more samples should be tested in smaller increments to find a more precise value for the optimal wall thickness of the
cylinders in the mantis shrimp structure. For example, since 1.4 mm was at the peak between 1.2 mm and 1.6 mm, values within
that range should be tested at 1 mm increments. If it is then determined that the peak is between 1.3 mm and 1.5 mm, increments
of 0.5 mm could be used for testing samples, and so on, until a precise value is obtained for the optimal wall thickness. How
precise of a value needed could be determined by the application, otherwise, a value accurate to two decimal places would suffice
in many situations. Limitations to nozzle sizes should also be considered. For the scale of testing completed in this study, nozzles
of 0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm are relatively easy to use and have on hand. Other sizes would be considered nonstandard and would likely need to be custom made.
Another limitation to this experiment is that the stiffness taken from the stress-strain curve was an estimate. It was not ensured
that the data considered was perfectly linear when creating the trendline, and consequently, the stiffness values may differ
slightly. However, the change in stiffness would not be enough to obtain different results in terms of the identified optimal wall
thickness, and since the goal of the study was to find the optimal wall thickness, the exact stiffness per density values are not of
significance.
There is also a limitation in regard to the setting of the experiment. The compression testing was completed in ambient
temperatures, so there may be some differentiation if the 3-D printed structure was to be used in a different climate. With that
being said, the physical properties of the structure would remain unchanged, giving the same result for the optimal wall thickness.
However, depending upon the application or intended use of the structure, the climate, temperature, and humidity should be taken
into consideration as it may have an effect on how the structure reacts and performs.
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INTRODUCTION
Electrospinning is a method for creating non-woven nanofibers using electric force. This method has been around for more than
100 years, with applications ranging from air filtration to energy storage to tissue engineering 1. Electrospinning works by
applying a high voltage (typically between 10 to 20 kV) to the needle of a syringe loaded with a polymer solution. The high
voltage causes the polymer solution to polarize. Beneath the high-voltage needle there is an electrically grounded conductive
collector. The large potential difference between the needle and the collector results in a high-voltage electric field that causes the
polarized solution in the syringe to be drawn toward the collector plate1. Once the electrostatic force overcomes the surface
tension of the liquid, a jet forms in the shape of a Taylor cone and nanofibers are created as the material is pulled off the cone and
drawn toward the collector plate2. Figure 1 shows the basic setup described above in two needle-collector configurations.
In the last 20 years, the field of electrospinning has exploded; in 2000, 17 patents and papers were published related to
electrospinning, while in 2014, over 3,000 articles were published. As of 2015, there were over 50,000 publications in existence
related to the field of electrospinning1. It is thus becoming a mainstay in industry and research. As the field of nanomaterials
continues to establish its prominence and promotes new technology development such as electrospinning, there is a need to
incorporate these developments into secondary (middle and high school) and post-secondary (undergraduate) technology
curriculums, much like 3D printing has made inroads into the classroom in recent years to encourage hands-on learning. These
opportunities provide students hands-on experience and connection to real-world application; both components have proven to
enhance STEM participation3-5.
There is a need for a functional, compact, low-cost electrospinning setup to fulfill the opportunity for advancements in STEM
education. Such a platform can be both used as a classroom tool to demonstrate electrospinning theory and application as well as
offering a hands-on student project opportunity. Velasco Barraza et al. developed what they called a low-cost electrospinning
device for use in bioengineering and biomaterials courses at the undergraduate level6. The device described was low-cost when
compared to commercially available electrospinners, but not in the context of STEM classrooms. For example, the design
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assumes access to one of the most expensive components of the setup: a syringe pump. The pump used in their plan was a
research-level piece of equipment costing more than $4,0007. Although less costly than a syringe pump, the high voltage power
source used in their design still adds an estimated $200 or more to the device cost. Our proposed design replaces these
components with easily assembled alternatives. This paper will thus describe a cost-effective platform of rotating drum
electrospinning for STEM education, which can also be incorporated in undergraduate biomaterials curricula.

MATERIALS
This paper aims to give details of the materials and steps needed to assemble a functional electrospinner device. As such, this
section is formatted as a set of instructions to enable assembly. Two types of setup are described, namely a basic setup, which can
be easily assembled, and another a more compact setup, which can be assembled for a class demonstration. Both of these
assemblies require the same material, however the accuracy and look of the platform changes to a compact and mobile form in
the latter design. Please note, however, that there are inherent dangers in any high-voltage electrospinning set up, and instructors
and students should become familiar with safety for the use of such systems.
Table 1 below lists key materials and tools needed to develop the platform. The most important aspect of the new design is the
use of a voltage booster battery in place of the variable voltage source. Another component difference as compared to the
assemblies described in the literature is the absence of a pump to drive the liquid. Here, a wooden holder will be created for the
syringe, and the syringe pushed manually. Future design can incorporate a simple open-source Arduino platform for motor
control of the syringe. An Arduino platform is used to drive a stepper motor for rotation of collector drum assembly. Together,
these components avoid the use of the expensive parts found in most electrospinning setups and allow us to create a functional
setup for educational purposes.
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The assembly requires standard tools such as a power drill and drill bit kit, measuring calipers and a wire stripper device.
Material needed for generating fibers includes a syringe (18-22 gauge) and polyvinyl alcohol (PVA) powder (Sigma-Aldrich
CAS 9002-89-5, Millipore Sigma). A beaker, hot plate and magnetic stirrer will be needed to mix the sample and a standard
kitchen scale can be used to weigh the proportion of the powder for mixing.

Table 1: List of primary materials needed to manufacture the platform.

ASSEMBLY OF BASIC DEVICE
This section outlines the steps needed to create a basic electrospinning platform then presents a refinement of the steps to upgrade
to a professional setup.
Step A: Preparing the Collector
A hole is drilled at the base of an empty aluminum soda can, equal in size to the dowel diameter. This step involves the
following:
1. First, the center of the bottom side of the can is marked. A caliper can be used to find two opposite points of the
circle and a line is drawn between these points. The lines are marked at several spots of the can, and the intersection
between the lines is taken as the center of the bottom side. See Figure 2 for reference.
2. The diameter of the dowel is measured. This diameter should be close to a standard drill bit size, approximately 1/4
inch or 3/8 inch. If a drill bit cannot be selected that is close in proportion to the dowel, then a different size dowel
should be used. We used a 3/8” dowel.
3. A hole is then drilled at the center of the base of the can using a drill bit matching the diameter of the dowel.
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4. The marking of center and drilling a hole is needed on the other end of the can as well. This step is more difficult
given the existing can opener hole. One of the two methods can be used, as shown in Figure 3. In method 1, a center is
similarly identified as in step 1 above, and a hole is drilled at that location. If this process does not achieve a quality
hole, hot glue can also be used to attach the dowel into the center. This option can lower accuracy and results in some
wobble as the can will rotate during operation. In method 2, an opening of at least 3/4-inch diameter is created in the
top of the can by using drill bits or pliers. A 3D printed insert (our custom G-code available here8) is pushed through
the cut hole and used to hold the dowel. An alternative design or modification to the file may be needed depending on
the type of 3D printer and dowel size. See Figure 3 for reference and differences between the two. The second method
results in higher accuracy and stable design but requires access to a 3D printer.
5. Once the holes are drilled on both ends, the dowel is inserted through the hole. A round file can be used to increase
the diameter of the insert in case of a tight fit.

Figure 3: Finding center of the top side of the can
showing method 1 (left) and method 2 (right). Method
1 can be achieved quickly but leads to less accurate
positioning and wobbling during operation. Method 1
results in improved and stable placement but requires
access to a 3d printer. The G-code for the component
printed is available here.

Step B: Preparing the Support for Collector Axle
A simple design is created using wooden blocks as supports for the dowel, which is now the axle of the drum collector.

51

1. Holes are drilled into two wooden blocks to become the axle bearing surfaces (see Figure 4a). These holes should be
slightly larger in diameter than the dowel and should be placed so that the can will not hit the base (see Figures 4 b and
c).
2. One of the two axle supports is fastened to the base using two wood screws (Figure 5a). One side of the axle of the
can assembly is inserted into the fixed axle support. The second axle support is then slid onto the axle. Both the ends of
the axle should spin freely in this position. Next, the other end of the axle support is also screwed to the base.
3. The collector drum needs to be grounded. Since the drum is rotating, a brushing mechanism is needed to make
electrical contact. Here a small tuft of steel wool is clipped it to one end of a wire with an alligator clip. The steel wool
bears on the aluminum can close to the center of rotation to reduce friction. A wire is fastened to the axle support so
that the steel wool maintains contact with the aluminum can. See Figure 5b for reference.

Step C: Voltage Booster Assembly
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The most important part of the new design is the use of voltage booster battery in places of a variable voltage source. Figure 6
shows the voltage booster wiring diagram. The voltage booster uses a common 3V to 5V power supply (i.e. phone charging
cable) as input and provides a reasonably constant DC output for at least 15 minutes. The battery performance was tested using a
high voltage probe meter (HV44A High Voltage Probe Meter, 0 to +40KV DC, B&K Precision). However, due to high voltage
and currents that can exceed 1A, cautions should be used for this step. At no point should the live wires be exposed to students
with the battery plugged in. Steps involved in connecting the battery to an external power source and to the end of the needle are
detailed below. The power supply is unplugged throughout the forthcoming process.
1. The end of the 5V power supply is cut off is stripped of insulating material (Figure 7a). The positive and ground
wires are identified and connected to appropriate voltage booster wires (Figure 7b) and covered with insulating tape.
The power booster now is ready for the input voltage.
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2. On the output side of the voltage booster (20kV side), a wire with alligator clips is fastened to each wire end "A" and
"B." The end “A” is clipped to the metal tip of the syringe, and end “B” is attached with the ground connection of the
steel brush wire of Figure 5b. See Figure 8a for the connections mentioned above.
Step D: Stepper Motor Assembly
A stepper motor is used to connect with the shaft axle to rotate the collector plate. An open-source Arduino platform9 is used for
the motor controls.
1. The stepper motor is connected with the Arduino board using detailed instruction available through Arduino
community10.
2. Once the motor and Arduino are set up, the stepper motor is attached to the rotating drum (see Figure 8b). To attach
the drum, a hole is made equal in diameter to the stepper motor shaft on one end of the dowel opposite to which the
steel wool is attached. The hole should be carefully prepared at the center of the dowel. Alternatively, a lathe machine
can be used for accuracy if available.
3. The shaft of the stepper motor is next inserted into this hole, making sure that fits tightly. If not, hot glue may be
used to keep it well-affixed to the dowel. The motor body is fixed in place by drilling holes into the end of the shaft
support and using two screws. Alternatively, hot glue can also be used. Small wood spacers or washers may be needed
between the motor mounts and the axle support to allow for proper placement.
Step E: Preparing the Solution and Collector Drum Area
Before connecting the wires, the solution to be inserted into the needle should be prepared. Here we use PVA and water to make
the solution. Varying PVA to water ratios can be used and adjusted to yield appropriate fiber diameters. Here we prepared the
solution in ratios between 15 and 25%. The powder water mixture is heated and continuously stirred during preparation. We used
a hot plate heated at 800 C, mixed with a magnetic stirrer. A consistent homogenous mixture is obtained after an hour. As the
solution cools, it is placed inside the syringe.
To further experimentation and for ease of fiber removal from the collector, the collector is wrapped with conductive aluminum
foil. The conductive area of the collector drum can be adjusted by wrapping the collector first with an insulator like paper, then
wrapping it with foil on a smaller portion of the surface (see Figure 7a). Here we used several layers of paper as an insulator. An
auxiliary ground wire will need to be placed to connect the grounded can to the aluminum foil if the area is adjusted.
Step F: Starting up the Device and Fiber Generation
At the end of step E, the device will be ready for experimentation. All electrical connection should be checked for safety. No
wires should be exposed. Use electrical tape as needed to tape the wire ends and attach any loose wires to the platform. All safety
precautions should be followed before moving to the next step.
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1. The syringe should be placed at least 3 inches apart from the collector drum before making any electrical
connections.
2. All connections are verified again for safety. At no point should the user touch the collector drum or needle tip.
3. Keeping a safe distance from the needle tip, the 5V supply is plugged into the AC source. All wires except for those
in the motor assembly are now live and should not be touched at any point.
4. The PVA solution is gradually pushed manually out of the tip of the needle using the needle plunger. A safe distance
of 3 inches should always be maintained between the needle tip and collector to prevent shock circuiting. Alternatively,
a manual pump can be designed in later modifications of the setup.
5. When the Taylor cone forms at the tip of the syringe, distance between the syringe and the grounded collector should
be adjusted for fiber formation. After a few seconds, there should be a small amount of visible white matter on the
aluminum sheet attached to the collector drum. These are the electrospun fibers. Expensive instruments are needed to
measure fiber diameter, but the fiber clumps should be visible to naked eyes. If the matter on the collector is mostly
clear, fibers did not form successfully, and different solution plunging rates, solution concentrations, and collector-tip
distances should be tried until better results are obtained (i.e. white matter forming on collector).
To further experimentation, some amount of color can be added to the solution for unambiguous identification of fibers. Also, the
size and thickness of the aluminum foil can be adjusted, and the effect on the quality and quantity of electrospun fibers can be
observed. The distance between the needle, the collector and the PVA concentration will also affect fiber generation and can be
part of experimentation and teaching.
Furthermore, the stepper motor can be turned on, and its speed adjusted to determine the effect of rotation on the fiber formation.
Generally, the point of a rotating collector drum is to collect fibers that are aligned in a single direction and have more strength in
that direction. If enough fibers are collected in any of these steps, they can be pulled off of the collector and carefully wrapped as
a small rope or yarn and tested for strength by pulling apart.
Also note that if at this step the stepper motor appears to be malfunctioning, it may be because of the presence of the high-voltage
electric field nearby. Electrical shielding may be necessary to protect the motor function from electrical interference. Shielding
can be obtained by covering the motor with aluminum foil and adjusting the shape of the foil. More tips for shielding are also
available online11.

DESIGN MODIFICATIONS FOR COMPACT SET-UP
The process described above can be used to create a quick but effective version of the electrospinner. With success in the above
process, efforts were taken to develop modifications for a compact and mobile setup for classroom demonstration. This new setup
features an improved brushing system, controlled rotational speed of the drum and different packaging that allows the system to
be moved easily from place to place. Figure 8 shows the modified design. A video was also prepared to show all aspects of the
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modified device which can be accessed here: https://youtu.be/iJZ2oGCSuzo. The section below briefly summarizes the key
changes.

Improved Brushing System
The improved brushing system on the device uses a slip ring (Comidox 12.5mm Capsule Electrical Slip Ring, Amazon) that
allows a wire to be passed from a rotating component to a stationary one. The previously described device used a homemade
brush using steel wool. The new system uses a professionally made brushing device. Since only one wire was needed to ground
the aluminum foil placed on the rotating drum, the extra slip ring input and output wires were tucked out of the way of rotating
components. Alternatively, they could have been cut off, or multiple wires could have been attached as ground wires (i.e.
increase conducting cross-sectional area). Using only one wire in this setup did not appear to hinder electrospinning performance.

Controlled Rotational Speed
A standard small stepper motor from an Arduino kit was used to provide a controllable rotational velocity of the drum setup. The
details necessary to set up and code this type of stepper motor with Arduino UNO microcontroller, potentiometer control and its
included stepper are readily available, and hence no further details are provided here.
Improved Device Packaging
To have a device that effectively allows the electrospinning concepts to be taught and demonstrated in various settings, the device
must be easy to move from place to place. A mounting box was created so that while some components (ex: syringe, speed
adjusting knob) were easily accessible for user interaction, other components (ex: Arduino microcontroller, voltage booster,
breadboard) were tucked out of the way on the inside of the box. The new setup requires two USB plugs to turn the system on
and off: one for the stepper motor and one for the high voltage boosting assembly. Overall, the above adjustment makes it easy to
unplug the entire electrospinning device, move it to an educational venue for demonstration and plug it in there using simple
USB ports. Two mounts were also created from wood to mount the syringe while demonstrating the operation of the device.
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RESULTS
Cost Comparison with Standard Electrospinner
With low cost being one of the critical features of this device, it is essential to provide a breakdown of the equipment expenses.
The primary cost savings comes from the use of an inexpensive high voltage booster and the exclusion of the costly syringe
pump. The total cost of the step was $60, with the breakdown given below.
• $10 High Voltage Booster
• $8 Slip Ring
• $10 Wood and Plastic Materials
• $9 Arduino UNO
• $8 Stepper Motor and Driver
• $7 5V AC adapter for Voltage Booster Supply (or Old Phone Charging Cord)
• $3 Various Connecting Wires
• $0 Used Pop Can
• $5 Syringe
When compared with the least expensive devices found online and device described in Velasco Barraza et al., this device is an
estimated 95–98% less costly when considering all the components in the final setup 3. Even excluding syringe pump cost-saving,
the device described here would still save at least 50%, if not much more, due to the use of the $10 voltage booster device. This
price analysis does not include the cost of creating the PVA solution used to electrospin fibers, as that cost would be consistent
across devices.
Fiber Formation and Student Demonstration
Even with manual syringe operation, quality fiber formation was observed (Figure 9a). Since education is the purpose of this
device, it was outside of the scope of this project to complete testing on the fibers to determine their size. The setup was also used
for demonstration during two STEM events on campus, namely Girls in Engineering Math and Science (GEMS), (an event
organized by the SDSU College of Engineering) for middle school girls, and a field visit to Dr. Anamika Prasad’s lab from local
Brookings Middle School students in 6th, 7th and 8th grade. When a bright light was directed towards the area between the syringe
tip and the collecting drum, the Taylor cone formation and spinning of the fibers were seen. Even in the absence of the light,
students were able to see fiber formation in real time.
Through these events, the device has reached more than 100 students at the middle school level so far. Though no quantitative
data was collected regarding responses to the device, the students showed excitement when they were able to see the fiber
formation. More such future events are planned.
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CONCLUSION
This paper describes the design and assembly of a basic and compact mobile version of an electrospinner. The device can be
assembled at a cost of $60, which is a fraction of the $4,000+ price tag of basic electrospinners demonstrated in existing
literature. The cost-saving was made possible primarily because of the use of a voltage booster, which effectively maintained a
high voltage of 8kV-10kV over the course of 15 minutes of testing, which was a sufficient amount of time to demonstrate the
device. The setup was also shown to be useful for STEM education demonstration purposes. It was used to demonstrate
electrospinning technology to middle school students during STEM outreach events on campus. Seeing the formation of
nanofibers in real-time actively engaged the students. Future work will focus both on design modification, the primary being
addition of a custom-built low-cost syringe pumping device, as well as outreach via STEM events and data collection of that
outreach.

REFERENCE LIST
1. Li, H. and Yang, W., 2016. Electrospinning Technology in Non-Woven Fabric Manufacturing. Non-woven
Fabrics. IntechOpen.
2. Sill, T., and von Recum, H. Electrospinning: Applications in drug delivery and tissue engineering. Biomaterials.
2008: 29(13): 1989-2006.
3. Ferreira, M. M. & Trudel, A. R. The Impact of Problem-Based Learning (PBL) on Student AttitudesToward
Science, Problem-Solving Skills, and Sense of Community in the Classroom. J. Classr.Interact. Houst. 47, 23–
30 (2012).
4. Balasubramanian, N., Wilson, B. & Cios, K. J. Innovative Methods of Teaching and Learning Science and

58

Engineering in Middle Schools.
5. Merritt, J., Lee, M. Y., Rillero, P. & Kinach, B. M. Problem-Based Learning in K–8 Mathematics and Science
Education: A Literature Review. Interdiscip. J. Probl.-Based Learn. 11, (2017).
6. Velasco Barraza, R.D. et el. Designing a Low Cost Electrospinning Device for Practical Learning in a
Bioengineering Biomaterials Course. Revista Mexicana de Ingeniería Biomédica. 2016; 37910: 7-16.
7. Wpiinc.com. Two-Syringe Push-Pull Pump. Available at: https://www.wpiinc.com/var-3432-two-syringe-pushpullpump? [Accessed 29 Aug. 2019].
8. G-Code available at https://grabcad.com/library/pop-can-centering-insert-g-code-1
9. Arduino available at https://www.arduino.cc/
10. Stepper Motor control and Arduino, available at https://www.arduino.cc/en/Tutorial/StepperSpeedControl
11. Electrical shielding, available at https://electronics.stackexchange.com/questions/164034/how-to-shield-forelectromagneticinterference-diy-level

59

Design of a 3D Printed Bioreactor for Bone Cancer Research

Design of a 3D Printed Bioreactor for Bone Cancer Research
Authors: Brooklyn Kay VanDerWolde, Katelyn Grace Hillson
Faculty Sponsor: Dr. Anamika Prasad, Ph.D.
Department: Mechanical Engineering

INTRODUCTION
Bone cancers, both primary and metastatic, are aggressive with devastating consequences on patients’ quality of life [1]. Bone
cancer is most prominent during growth (10 to 19 years), aging (70+ years), and in survivors of other kinds of cancers such as
breast and prostate cancers [1–4]. Astronauts who undergo microgravity and space radiation during long-term space missions
also have an increased risk of bone tissue regeneration, including bone cancer. There is no cure for bone cancer. Patients who do
survive suffer from severe pain and frequent fractures [5]. New targeted therapies require a fundamental understanding of tumor
localization to the bone and the role of bone environment in cancer growth [3,4]. This, in turn, requires the development of an
effective tissue model to replicate the 3D bone environment for bone cancer research.
A limited number of in vitro models capable of reproducing the complex microenvironment of bone tissue to support multicellular activity in a three-dimensional structure currently exist. The lack of appropriate models, in turn, stalls one’s ability to
understand disease progression and develop new treatments and therapies. Therefore, developing a bone tissue model and an
associated bioreactor is critical to understand the risks associated with cancer progression and improve treatment and preventions
related to those risks. This research focused on developing an optimized, automated 3D printed bioreactor to be used in a bone
cancer microenvironment.
A bioreactor is a device used to house and support biological activity. Incorporating mechanical loading is necessary for bone
tissue viability. We aim to create a new bioreactor design that can not only support long-term tissue viability for bone cancer but
can also be easily assembled for efficient application in future research studies. These studies will include the development of an
osteosarcoma, a type of bone cancer, microenvironment. The bioreactor design was based off a prior graduate student of Dr.
Prasad [6], where the student successfully developed a compact bioreactor capable of supporting bone tissue ex vivo long-term.
The developed system was demonstrated to maintain cancellous bone tissue viability (10 mm  x 10 mm) viability for up to 35
days. The goal of this project was to create a more reliable, sustainable design while still maintaining a cost-effective and
reproducible bioreactor.
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MATERIALS AND METHODS
A compact tissue bioreactor was recently developed to support long-term bone tissue survival ex-vivo [6]. Several modifications
were made to the original in-house developed setup. In particular, the preexisting bioreactor, which was made from nylon
material, would warp, leak and become a tinted yellow shade with continued use. Therefore, a material change was necessary. A
flexible silicone top cover needed to be redesigned to seal in the nutrient media without leaking. Finally, the loading in the
bioreactor required manual placement over each of the wells and therefore required modification for loading multiple tissues at
once. When developing the new bioreactor, it was essential to ensure that the design would allow fluid to flow past the bone on
all sides.
Additionally, the bone and cancer cells respond to mechanical loading and fluid flow [7-8]. Therefore, there was a need to apply
regular fluid perfusion and intermittent mechanical loading to the tissue. The section below describes the various bioreactor
components.
The designed bioreactor assembly consists of these unique components, namely: (1) a tissue well to house the tissue, (2) a
camshaft assembly for
mechanical loading, (3) a motor
to control the cam-shaft
loading, (4) a pump for fluid
perfusion, and (5) a base
platform to house the
components. The base platform
incorporates areas for pipes,
pump, motor, and cam-follower
assembly. These components and the base platform are shown in Figure 1.
All of the components that come in contact with the fluid and the tissue will be printed using ULTEM filament. This filament is
known to be a biocompatible, water-resistant, high-temperature-withstanding material. The choice of material will ensure that the
design will not be damaged when the bioreactor is autoclaved or exposed to the liquid nutrient media.

Tissue Well
The tissue housing area (Figure 1c) consists of four identical, individually 3D printed tissue wells. Each well has a base platform
at the center to house a bone sample and has an inflow-outflow channel for the nutrient media. Figure 2a shows the CAD model,
and Figure 2b shows its printed form. The base platform has a porous structure that allows fluid contact of the bone sample at the
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base as well as for continuous
contact. The edges of the
platform are raised 1mm to allow
a tight hold on the bone once
placed and loaded. Each side was
designed to have a hook. A
follower will be held in place by
rubber bands stretching across
these hooks, as shown in Figure
2b. Hollow extrusions protrude
from two opposite sides to allow plastic hoses to fit snuggly over them. This creates a flow channel to enter and exit the tissue
well. A total of four of these wells are made and all fit together in a linear row on the base platform, as shown in Figure 1c.

Base Platform
The base platform consists of a multi-component frame assembled to hold the tissue wells, motor, cam axle and pump. The main
element is the base framework which contains an area to hold the tissue wells in a line at the center (Figure 3a). Each of the tissue
wells in the base platform contains two holes on the side to fit the extrusion of the tissue well, which connects with the inflow
and outflow pipe. An empty tray on both the left and right side holds hoses when not in use. An indentation around the
framework allows the top cover to snap onto the framework when the tissue well is in use. The top frame (Figure 3b) fastens to
the base frame. When in use, a transparent plastic layer will cover the tissue well to seal the nutrient media in the tissue well. On
top of this component there are two gaps on opposite ends for the shaft to rest. A motor holder was designed to secure the motor
while the bioreactor is in use (Figure 3c). It consists of a block with an indentation to hold the motor at the predetermined height
necessary for the camshaft to rest in the nested cutouts on the top.
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The pump holder was designed to secure a peristaltic pump (Figure 4). It is made of two
pieces that can either be assembled using a robust and biocompatible glue or potentially 3D
printed holder, depending on the size of the printer. On the right side of the pump holder
there is a lip that fits into the base to appear as if it is one single piece when assembled
(Figure 4a). The bottom of the pump holder, where the pump sits, is a simple design that
snaps into the rest of the bioreactor to secure the pump in place while the bioreactor is in
use (Figure 4b).

Motor and Cam Shaft
The bioreactor design also includes a motor and camshaft assembly (Figure 5) for mechanical stimulation of the bone tissue in
the bioreactor. The cam was designed both as a rounded teardrop shape (Figure 5a) as well as a circle with offset diameter. A
hole passing through the cam will hold the axle of the motor during its rotation to apply the desired force. The follower was
designed as a conic shape that is flat on both ends and has a hole passing through the configuration in four directions, depicted in
Figure 5b. These holes allow the rubber bands to pass through the
follower and secure it above the bone sample. The cam-follower
assembly was designed to include a camshaft with four evenly spaced
cams that exert a force onto the followers resting above each bone
sample to simultaneously load the bones. The camshaft is connected to
a motor that rests in the notches of the top frame described above. Each
cam is offset by 90 degrees and is designed to load each cam with the
same force and duration mechanically. This ensures that the camshaft will apply the maximum predetermined load to each bone
sample. Motion analysis studies were performed in SolidWorks to determine the ideal shape and size of the cam-follower
geometry.

RESULTS
A preliminary experimental and theoretical analysis was performed to calibrate the cam-follower assembly

Experimental Calibration of Cam Shaft
The original mechanical loading design consisted of a single cam attached to a motor that was manually slid along the bioreactor.
It was to be run over each bone sample for an hour each day [6]. The new design proposed here consists of a new camshaft,
where each cam is evenly spaced to fit over its follower existing above the bone samples. This allows one to mechanically
stimulate all of the wells without having to move the load every hour. Preliminary experiments were run to test the newly
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proposed multi-cam design for many different combinations of cam offsets and cam geometries. Figure 6a below depicts a test
run with 45-degree offsets and circular cams. A re-calibrated force sensor hooked up to an Arduino was used for this step. The
process of sensor and cam calibration as proposed earlier [6] was used for this work and hence not described here. Figures 6b and
6c show the results of loading six cams, where each cam’s center is offset by a different amount, and therefore possesses a
different radius from the center of the shaft to the distance where the cam applies its maximum force to the calibration sensor. As
one can see, the larger the radius, or offset, of the cam, the greater the force exerted by the cam is.

SolidWorks Simulation Results
SolidWorks simulations were also performed to calculate the force applied
by the cam assembly. The material, along with the speed and rotation of the
motor, was specified for the simulations. Results from the simulations
showed that there were approximately 5 newtons of force being applied to
the bone every 2.5 seconds (Figure 7).

CONCLUSION/ FUTURE WORK
By modifying the recently developed bioreactor, we have developed and proposed a new design to make the bioreactor
affordable, compact and automated. The use of ULTEM filament in the new design will ensure a sustainable design capable of
long-term use in future cancer studies. The tissue bioreactor can be easily assembled using readily available materials and offthe-shelf components; hence, this bioreactor has broader implications in clinical and lab setups worldwide. Future work with this
bioreactor includes (1) 3D printing the proposed design and testing its biocompatibility post sterilization, (2) fixing a combination
of cam-follower assembly to provide ideal loading environment, (3) applying the design to create an osteosarcoma
microenvironment and (4) applying the setup for bone cancer research. All of these works are currently ongoing or will be
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proposed shortly in Dr. Prasad’s lab. These tasks will provide a standard protocol for multicellular feasibility using bone and
cancer cells for applications in cancer research and drug development.
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